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BREADBOARD DEVELOPMENT AND

TESTS OF SUBSURFACE THERMAL APPARATUS

Introduction

This report is an extension of Lunar Physicél Para-
- meters Stody, Partial Report No. 8, Design Calculations; Measure~
'meht of Thermal Diffusivity. In'describing apparatus for measure-
"ment of thermal diffusivity within a drilled hole, Partial Report
No. 8 ended with a description eof heat flow studies using copper
shapes buried in unconsolldated materlals._

To s1mulate borehole condltlons,'the proposed dlfquiVlty
uﬁits’were suspended in glass tublng (1-1/8 in. I1.D.) evacuated to

6 m of mercury, the glass tub-

~ a pressure in the :ange"lo‘s‘- 10
“ing in turn being surrounded by materials of varying thermal
conduotivity. At constant energy inout, the temperature rise of
‘the copper shape. system was insensitive to the conductivity of
‘the medium surrounding the glass tubing. Heat transfer from the
unit to the wall of the simulated borehole is by radiation, and
in tbe case of reasonable power d)SSlpathns within the copper
mass (on the order of 0.5 watt) long time periods are required to
attain temperatufeé of the mass at which a significant‘net heat
transfer bj thermal radiation to the wall takes place. 1In
periods of an houf no significant differences in temperature
-attained were noted within the proposed unit although the con-
ductivity of the medium surrounding the glass tubing was changed

- -4 cals -4 cals
from 29x 10 m to 8.8x 10 m .

1:794.39-1 4
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. It was necessary to find a source of low mass capable
of attaining high operating temperatures with 1ow'energy con-
sumption, the high operating temperatures assuring efficient

radiant energy transfer to the borehole wall. Various tungsten

filament systems were operated and measurements of temperature

rise -at the borehole wail 1nd1cated a 51gn1f1cant variatlon, at
constant energy to the source, with the conductivity-of the
surrounding medium Since in proposed operation within a hole
drilled into the lunar material no contacting device can be used
to estimate wall temperature, it is necessary that the umnit it--
self respond to variations in the thermal conductivity of the

surrounding medium. The temperature rise of a point on the unit

was sufficiently sensitive to respond to a change in thermal

conductivity from 2.9 x 1074 cals/cm sec.®°C to 8.8 x 10~ -4 cals/
em sec.°C, but -did ‘not respond to a change from 2.9 x 10~ -4 cals/

cm see.°C to 1.4 x 10 Apcals/cm sec.®C.  However, temperatures

‘taken at the glass wall gave evidence of significant ehanges in

this last mentioned 1ow range-of thermal conductivity. Thus, a

suitable source of energy was at hand, giving significant wall

‘temperature variatlons between conductivities of 1.4, 2.9, and

";8 8 x 10™% cals/cm sec.°C, but it was necessary to build. into the

c0nduct1v1ty device a means of accurately sensing wall tempera-

‘ture variations. A radiometer was developed which gave a

B response proportlonal to the temperature difference existing be-

tween conductivity device and bore wall. This-radiometer is a

1:794.39-2
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simple four junction thermqpile_system (iron-censtantan) having a
blackened copper square target about 1/4 in. on the side. Ne
focueing optics were used. Since measurements of conductivity
were taken for long time perieds at the powers.ﬁseé, it was the

original thought that a massive, slow response time radiometer

‘would be adequate to the task. In the course of this work it was

" discovered that wall reflectivity influenced the measurement of

thermal conductivity by z=ffecting the energy absorbed, and that

‘the reflect1v1ty could be estimated from the initial step response

Jof the radlometer, but teo adequately correct out this variable

would require considerably shorter time constant radiometers.

This is then a necessary development before final flight units are

" The devices for thermal measurements downhele were pro-
posed for estimating thermal diffusivities of the lunar materials.
However, the considerable mass of the measuring unit influences

the temperature rise on the wall to the extent_that the measure-

‘ment is, at present, useful only as an empirically callbrated

'dev1ce responding to the conduct1v1ty of the surrounding materials.
A unlt was assembled whlch demonstrates fea51b111ty and

ultlmate practlcablllty of the measurement of thermal econductivity

‘ from the downhole sonde. - The radlometer 1nc1uded within this

dev1ce serves to measure bore wall temperature. With the unit
developed, an estimate was made of effects of p051tioning in

bérehole, borehole size, and effects of bore wall reflectivity.

1:794.39-3
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Considerable amplification of the work performed to date is
needed in: |
1. Development of a radiometer unit having fast time
constant. | |

2. Investigation of heat source configurations and

 geometry (possibly leading to elimination of bore-

hole size as a parameter by directing radiatiomn to
a narrow sector).
3. Prepa-ation of suitable calibration samples and
.,indé?endent determination of their thermal pre-
perties.
4. Set up of satisfactéry calibrating and testing
procedures for the ranges of environmental

variables expected.

Sonde Unit Description
In developing the conductivity unit for placement in
the scnde several sets of experiments were run for magnitude

estimates of effects.. In several cases time did not permit

extension of a=n investigétion to a legical end, but sets.of par-

tial investigations will be reported where it is felt that

results obtained would be of interest in further development or

would be helpful in interpreting behavior of the:instfument com= -

pleted for breadboard.

The sketch of Fig. 1 illustrates the si:ple'sgt up

~used in the experiments involving downhole thermal properties.

1:794.39-4
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The container was packed loosely with materials of the follewing

~description and properties:

TABLE 1
o ' Thermal .

Description of - Density Conductivity
Material ems /cm cals/see cm®C
Clemtex No. 3 Blasting T -4

Sand 1.54 8.8 x 107%
$i1-0-Cel €-3 49 2.9 x 1074
Styrofoam'(unconsoli- ‘ -4

dated) : .030 1.4 x 10

The vacuum system involves a Welsh -Duo-Seal foré pump,
and a two-stage mercury diffusien pump with appropriate liquid

nitrogen traps with which it was possible teo work in the pressure

" range of 1077 - 10-6_milliméters of mercury.

The conductivity device,blaced in sﬁch a system 15 not
viewing directl& a varﬁatidn of bore wall properties, but, Sinceiﬁ
fin each_caselihe»glass tubing simulating borehole is present, is
viewing a variation in properties-of the surrounding-mediu@ through
glass of.seVefal millimeters thickness. This system would not
be useful for a direct empirical calibration, but it doéé»alloW'
evaiuation since the presence.of the glass tubing minimiies -

rather than accentuates the effect of changing medium properties.

- 1:794.39-5
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There is the greaﬁ advantage of ability to éhange the uncensoli-
dated.surroﬁnding medium rapidly Qithout breaking vacuum in the
borehole simulation system. |

Fig. 2 is a drawing of the first model of a downhole
_conducﬁiv1ty dgvice. The radlometer assembly is a four- junction
iron-conétantan thermopile, the sencor target being a square of
copper sheét apﬁroximately 1/4 in% on a side. The target on‘this
first unit was coa;éd with'a white paint, thus being non-.
absorbing iﬁ the visible;‘but ébsorbiﬁg in the infrared. Fig. 3
shows the second model of‘conductivitybdev*ée as assembled 1nto
the sonde. It differs from the flrsf model in sensor coating,
this unit being palnted with “Aqua-Dag' ,'an aqueous suspension of
colloidal graphlte in water, and also it diifers in dimensicn,
" being reduced to the 7/8 in. diameter of the: sonde. Prov1sion was
made in this sonde dev1ce for inclusion of an in;rared transparent :
shield to be of KRS-5 or similar material necessarily‘furnishedjby é'
sub~-contractor. Fig. 4 iilustrates the eircuitry associated with . -
I}J,se of this downhole device. The thermopile in the sonde unit is

a four-junction chromel-constantan syStem.

Use of the Downhole Conductivity Uﬁit

The General Electric automotive bulb (#57) used in this'-"

1apparatus had the following characteristics at the given outputs:

1:794.39-6 g
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TABLE I1I1
Current Vcltage Resistance  Power
(Amperes). (Volts) (Ohms) {Watts)
0.120 4.2 35 0.50
" \
0.156 6.5 - 42 1.01 o : , |
0.187 8.6 46 1.61 |

‘The variatien in resistance with power level results

from the change in operating temperature of the tungsten fila-

ment . A change in the effective blackbedy emissiom of the fila-

' ment is associated with a change in power level, and it sheuld

be kept in mind that absorption characteristics of surfaces have

wavelengtﬁ dependencé, which means that power level changes at

‘the filament affect energy absorbed by the surrounding wall by

varying not only the energy available, but also its wavelength

distribution.
Operation of the various forms of conductivity devices
within_thé'vaCuum system was quite simple. The unit was sus-

pended by its connecting wires at the desired height in the

tubing. Wires leading out of the vacuu@ syStem were provided

for the‘powef to the device,‘thermocouple reading at the device,-
and thermopile.reading>from the unit. 'A thermogouple for reading
what has Been termed, “wall temperature", was fastened on the
véuter surface of the glass tubing simulating borehole. This is

[0
1:794.39-7
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the temperature at the interface between the glass tubing and
packed unconéolidated medium. Fig. 4 illustrates the eircuitry
used and reQuires little explanation. The diﬁider-cifcuit
labeled, "reference voltageﬁ, was useful in extending the range
of the dual channel recorder by cancelling out known quantities
of thermocouple outputs. Furtﬁer descriptien of 6pefétion”6ill_

be given under other headings.

- Effect of P051t10n1ng in Simulated Borehole'

During early werk u51ng a 110 volt pilet lamp.at: power

levels of about 1.6 velts, it was found that shielding above the

“bulb and operatlon at hole bottom gave 51gn1f1cantly less tempera-

ture variation at. the wall w1th conduct1v1ty of the surrounding -

'medlgm than operatlon at levels above hole bottom with confining

,shiélds above and below the heat source. This- 1ed tO'é”decisiqn

to plac° the thermal device above the radlometer in the’ sonde .
sequenee, with shlelding to confine heatlng to a cy11ndrlea1
region around the bulb. Development of the dev1ce continued with

this positioning in mind.

. Effect of Bore Diameter

Figs. 5 through 8 illustrate effects of bore size
variation and also effects of reflectivity. Curves taken from

the tﬁermal devices are of this type, and will have illustrated

1:794.39-8 /
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the wall temperature, takenbat the glass wall-unconsolidated
medium interface at the location of the thermal device, and the
assembly temperature; a thermocouple reading at the reference
junctions of the thermopile within the thermal ﬁnit.’ The radio-
me;er'oﬁtput'is the thérmopile signal, which is a functien of the
‘temperatu;e differenée between the target and the assembly, this
difference being generated by the radiation interchange between
target and wall. Note that these curves include data takenm
directly on the bore wall, buﬁ in the anticipated use this infor-

mation will be lacking. The device is practical only if it is

»p0551b1e to predlct accurately wall temperature from the other two

curves, assembly temperature and radicmeter output. The thermal
device was fitted with a decentralizing spring so that even with

change in bore diameter the radiometer side of the device was

pressed against the bore wall. The unit used in this set of

. experiments had a sensing target with white coating, this minimiz-

(.

ing the contribution of reflecting light. Comparing Figs. 5 and 6,

and Figs. 7 and 8, illustrates tﬁe variations in temperatures
expected from this geometry with a change in bore inner diameter
from 1;1/8 in. to 1-9/16 in., holding other variables constant.
Figs. 5 and 7, and Figs. 6 and 8, exhibit the variations in
temperatures seen as a resﬁlt of changing the absorption
characterlstlcs of the surrounding medium, thlS belng accomplished
by coating the exterior surfaces of the glass tubing with

"Krylor" flat black paint.

1:794.39-9
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The radiometer output and assembly temperature (from
which must be deduced the wall temperature, the desired infor-
mation) are-seﬁsitive with a given power input to the bore dia-
meter and the absorption chatecteristics.ef the-setrounding wall
for the emitted spectrum of the filament. A possibility exiets
of making the device relatively insensitive te bore«diaﬁeter by
focusing the emitted radiation on>e‘portidn of the wall, the area
irradiated being changed only slightly by variation in bore

dlameter. If this is 1mpract1ca1 it w111 be necessary in the

empirical calibration to account for boce diameter and absorption

characteristics. This is possible since bore diameter is part of
the data ‘obtained by the sonde, and a means of'estimating wall

reflect1v1ty will be dlscussed in a later section.

Corduct1v1ty Determinations

Figs. 9 through 19 illustrate the practicallty of
determining thermal conductivity by use of a device of the form
of Fig. 2 (assembly with white target). ‘The device was oﬁerated

at power levels of roughly 0.5, 1.0, and 1.6 watts (14 3 cals/min

=1 watt) in a bore approxlmately 1-1/8 in. 1nner 6iameter, with

surroundlng materials of 1.4, 2.9, and.8,8 x 10 arcals/cm sec.®C.

In this series, Figs. 11 and 12, 14 and 15 are attempts at

o duplicatlon, allow1ng estimate of reproduc1b111ty. In these

curve sets the radiometer 51g“a1 appears proportional to the

difference in wall and assembly temperatures, such that

1:794.39-10 12
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prediction of wall temperature from assembly and radiometer sig-
nals seems feasibie. No attempt was ﬁgde to acecurately calibrate
thi§ deViée, but immediately the device of Fig. 3 was built, having
a blackened (Aqua-Dag) sensor'eleﬁent.

‘ | Operétion of the dévice of Fig. 3 resulted in the
curves of Figs. 20 through 27, Figs. 20 through 23 involving use
of the isolated device, Figs. 24 through 2/ involving use of the -
device assembled within the sende. |

- Considering Figs.720 through 23, the low maés of the
sonde allowed the assembly temperature to rise above the wall
temperaturé. Abfupf signal.reveréals werevexperieneéd at the
times the light bulb,ﬁent on and off. These reversals’were

attributed to the reflected light from the wall contributing to

the radiometer output, thus augmenting the thermal radiation from

the wall. The radiometer in this case is a four-junctien chremel-

construction unit, with comparatively massive target. In radio-

meter work for these units no attempt had been made to form q'
sensitiﬁe, fast résponse unit requiring accurately formed opties.
To obtain sensitivity,'a massive, large area target was used;
From Figs."20 to 23, a time of about four minutes was deduced for
this unit to respond to wﬁat must be almost a step functien of
reflective input.

WhenAthis unit was assembled inte the.sonde the heat
taken up by the thermal device was conducted up into the sonde

keeping assembly temperatureS‘lew. The reflective inputs in this

1:794.39-11 /4
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case did not give reversals of radiometer output. This makes it

difficult to analyze data as given in Figs. 24 and 25 vhere styro-

foam and sil-0-cel seem to be giving almost identical radiometer
and assembly outputs, although conductivity varies by a factor of . ?

about 2. That this is the result of absorption characteristics is

- shown by Figs. 26 and 27 where styrofoam and sil-O-cel were given

the same abscrption characteristics by coating the containing
glasé'tube with flat black "Krylon" paint, and a clear distinction
can be seen. Greater.abSOrption resulted in higher wall tempera-
ture in these éases. o

The obvious means of applyiﬁg,"feflectivity“~corrections
are to make prior ¢a¥ibratipq for reflectivity and additionally to
improve the response of the radiometer suchvthat step functions as
given by the refleetive component can bevidentified. The
necessity of making this correction for reflectivityvis obvious
from comparing Figs. 24 and 26, and Figs. 25 and 27, where
éhanges in absorption charactefistics give different wall
temperaturés for equal heat'inputs and eQuivalent surrounding
thefmal conductivities.

Responses of'wall temperature for given heat inputs in

times less than 10 minutes are cemparatively low, scmething not

expected if the system approximated a point source in an infinite

medium. Since this approximation does not seem to hold, the
diffusivities at short time would be primarily determined for

sonde materials, leaving this device useful only as an.

1:794.39-12
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empiricaliy calibrated unit for thermal conductivity of
éurrouﬁding materials.

Since several obvious development steps are required
tetween breadboard and prototype models of conductivity device,

steps requiring time not available under this contract, no further

“work was undertaken with the breadboard units.

1:794.39-13 16
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APPAPATUS USED FOR DIFFUSIVITY MEASUREMENTS
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